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THE COMPARATIVE ECONOMICS OF PASSIVE AND ACTIVE SYSTE:i‘S™

F. Roach, S. Noll, and S. Ben-David
University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545 U.S.A.

ABSTRACT

As the interest in solar energy applications for residential space heating
grows, it becomes imperative to evaluate the economic performance of alter-
native designs. We concentrate on one passive design--the thermal mass
storage wall. The economic performance of this design is examined and sub-
sequentiy contrasted with one active design--the air collector/rock storage
system. Architectural design criteria, solar performance charac-eristics,
and the incremental solar cost of each design is briefly reviewed. Projec-
tions of conventional energy prices are discussed, along with the optimal
sizing/feasibility criterion employed in the economic performance anal-
ysis.  In addition, the effects of two incentive proposals--income tax
credits and low interes* loans--upon each design are examined. Results are
reported on a state-by-state basis for the U.S., with major conclusions
summarized for each design. It 1is generally the case that incentives
greatly enhance the economics of both system designs, although the contrast
18 greater for tne passive design. Also, against the less expensive con-
ventional fuels (natural gas and heating oil) the passive design was shown
to offer a more cost effective alternative than the active aystem for most
states.

INTRODUCTION

As the iaterest in solar energy applications for residential space heating
grows, it becomes imperative to evaluate the economic performance of alter-
native designs. This study describes another phase of our on-going efforts
to examine solar feasibility in new home construction on a nationwide basis
for the U.S. The first phase deslt exclusively with active solar syatems,
(1,2] while the current phase also includes passive solar concepts. These
include (1) thermal storage wall, (2) roof pond, (3) direct solar gain, and
(4) so'ar greenhouse (solarium).

In this paper we will concentrate on only one basic passive :design =-- the
thermal storage wall. The economic performance of this design (with a
night insulation option) will be examined and subsequently contrasted with

one basic active design -~ the air collector/rock storage system. Discus-
sion of the results contained in this »japer will exclude the other solar
concepts being examined in the larger study. Since there exists several

*This work is being supported by the U. S. Department of Energy.



publications [l1-4] on our past analysis of active solar systems, detailed
description of the air collector/rock storage design and 1its economic
performance will be omitied from ¢this paper. Only that information
necessary to understand the comparative economics of that system vis-a-vis
the passive design will be highlighted.

The ecoriomic performance of these (we basic design: (passive thermal
storage wall plus an active air collector/rock storage svstem) iIs cvaluated
on a state-by-state basis. The section on methodology briefly reviews the
architectural design crtieria, solar per{ormance characteristics, and the
incremental solar cost of each solar design, with emphasis placed on the
thermal storage wall. Also included in this section 1is a discussion of
conventional energy costs, as well as the optimal sizing/feasibility
criterion employed in the economic performance analysis. In the third
section, nationwide feasibility results are reviewed for each design. In
additio~ to contrasting the solar designs themselves, the effects of two
incentive proposals -- the proposad National Energy Act (NEA) income tax
crrdits and low interest loans == upon each desizn are examined. Finally,
ma jor conclusions are summarized in section four.

METHODOLOGY

There are essentially five basic steps employed in out e«valuation of the
economic performance of solar systems/designs. First, architectural design
parameters for a standard home and solar system are established. Second,
the physi.al performance of that svstem in varions locales 1is estimated
using a computer simulation code based upon a solar load ratio (SLR)
correlation [5-7]. The solar performance characteristics (glazing area and
storage volume) obtained from the simulation model are used to develop
costs of providing alternative quantities of heat (solar fraction) for each
locale. Fourth, the costs of providing heat through conventional m2ans
(natural gas, heating oil, and eleciricity--both resistance znd heat pumps)
are projected for each locale in the analysis. And {inally, the potential
for solar installations 1is evaluated through our economic performance
analvsis.

Solar Design

A standard home design* (approximately 1500 £e2)T s heing used throughout
the analysis to allow int -regional comparisons. Moreover, a 'tract' home
concept and common building materials were assumed (Fig. 1 and Table 1I).
This makes possible our examination for the potential of solar energy in

“The solar home design portrayed (Fig. 1) was developed by Burns & Peters,
an architectural firm located in Albuquerque, New Mexico.

tWe have chosen to use units common to the U.S. throughout this paper
because of the geographical nature of analysis.

F.R. -2-



r. idential space heating applications for a majority of new home buyers 1in
th °~ -ed States.

1 .tion to incorporating traditional consumer preferences in the solar
5 .esigns, minimum ovuier operating requicements were made part of the

.r system designs. Table II contains a brief description of the add-on
solar components for the passive design. Detailed architectural character-
istics of the thermal storage wall (in this case masonry or Trombe) concept
are displayed in Fig. 2. For the air collector/rock storage system, col-
lectors are mounted on a south facing pitch rvof, with an insulated duct
and rock storage bin strategically placed within the house to minimize
add-on solar costs [8].

Solar Performance

The modified solar-load ratio (SLR) correlation procedures developed by Los
Alamos Scientific Laboratory [6,7) were utilized to estimate solar perfor~
mance given the parameters of the above solar system designs. This proce-
dure is capable of treating several design parameters as variables: i.e.,
nominal building heat loads, glazing type, number of glazings, glazing
area, gtorage volume, and storage type. Regional variability in weather
patterns are taken into account 1in the perfcrmance computations. The
modified SLR performance correlations are used to determine the glazing
(collector) area required to achieve given solar fractions for the specific
solar design under analysis. The ratio of glazing (collector) area to
storage volume was held constant for each c¢f the solar systems to ease the
computational burden and limit the almost 1infinite construction design
possibilities.*

For the Trombe wall design (both with and without night insulation) an 18
thick masonry storage volume with double glazing 1is wused in the solar
performance analysis (7]. Mean air temperature is kept at 70° F, with a
5° F temperature swing allowed -- auxiliary heat requirsd when the interior
tewperature drops oelow 6$5° F, and excess heat purged when the interior
reached 75° F. System performance measured by the glazing arez required (o
provide a given solar fraction {ranging from 5 to 95 percent) was
calculated for the Trombe wall dJdesign both with and without night
insulation (R-9).

For the air c¢ollector/rock storage usystem a single pane flat plate
collector with no selective absorption glazing was used in 2skimating its
solar performance [8]. Tnsulated duct work with appropriate air handling
equipment is used to trangfer the ai. to either the home or rock storage.

*Th. constraint of a constant thermal storage to glaziag area ratio has
been relaxed in another phase of our efforts. The 1impacts of thickness
variations in a Trombe wall design are examined in a paper describing that
phase [¢]. For all solar designs evaluated in this paper, : vratio was
select~i that appears to offer reasonable comfort.



Moan air temperature wes set at 68° F, with a temperature swing of + or
- 2° F allowed.

Building heat loads for each of these solar designs were very similar due
to almost equivalent home designs. For the passive design, a standard 9
Btu/DD/ft’® heat load factor was employed in the snlar performance esti-
mates,* while in the active system a 10 Btu/DD/Et2 was assumed because of
the addition of the south-facing wall.”

A comparison of the area requirements by solar frdction for each of the two
tasic solar system designs under analysis (Trombe wall, with and without
night insulation, plus an active system) is contained in Fig. 3 (A and B).
Figure 3A portrays that comparison [or Albuquerque, New Mexico, while Fig.
3B displays the sam2 comparison in Madison, Wisconsin. Table 1III summar-
izes glazing (collector) area required for representa:tive solar fractions
(portion of conventional heat replaced by solar) for the system designs 1in
3ix representative sites.

Solar Cost

Every effort was made to construct realistic cost estimates for each solar
design. In all cases we isolate the add-on solar components so that they
may be priced independent of traditional home costs. In the active system,
solar add-on components included collectors, roof supports, 1insulated
ducts, an air handling system (fans, dampers, asnd controls), and a rock
storage bin, For the passive designs the solar add-on components included
the wall, glazing, and framing rejuirements. Credit was given for a por-
tion of a normal wall replaced by the south-facing thermal mass storage
unit.

The incremental solar cost of the two passive designs (with and without
night insulation) used in our analysis are portrayed in Table IV.* These
dollar figures represent solar costs across the nation.? These dollar

*A nominal load without inclusion of the gouth-facing wall.

“This implies that the south wall section has a positive U-factor. Theo-
retical research and empirical wvalidation by Bickle, Van de Meer, and
Dexter [10,11] indicates that under certain conditions south walls may in
fact have negative U-values over the heating season when the effects of
solar radiation, building materials. exterior coloration, etc., are anal-
yzed in a dynamic context. In this study we adhere to standard ASHKAE
static heat load analysis, and thereby obtain a positive U-factor for the
south wall gection.

For the most part, these dollar estimates have been developed by Burrs &
Peters, an architectural tirm located in Albuquerque, New Mexico.

“Costs were developed for a given locals then adjusted tc reflect national
dollar 4verages.

F. R. -4~



figures represent solar costs across the nation. In many solar system
concepts, thera are two cost components: a fixed cost which is pretty much
independent of system sizes; and a variable cost associated with collector
or glazing area requirements. However, no substantial fixed cost compcnent

was identified in these passive designs. This implies that all costs
associated with each passive system can be s.ated strictly 1in terms of
$/ft? of glazing area once a storage to glazing area ratio is fixed. The

credit for the wall is included in the cost figures displayed in Table 1IV.
Since the costs displayed represent a national average, we subsequently
adjust these materials and labasr costs for each locale to account for
regional variability in construction price indices and practices [12].

The incremental cost of the air collector/rock storage system has been
developed previously [4]. To quickly review, we separate the system into a
fixed collector-independant component and a variable collector-dependent
component. The major portion of the rock storage bin, as well as the
incremental insulated duct work and air handling system are treated as a
fixed cost component -- i.e., their size and therefore installed dollar
amount are assumed not to vary with changes 1an collecter size. The
variable cost component included the collectors, support raquirements, and
the collactor arcs: dependent porticn of rock storage. These incremental
solar costs were developed after a careful survey of manufacturers, a
preliminary look at the HUD, ERDA, and EPRI Solar Demonstration Programs,
and detailed discussions with solar engineering consultants and installers.

The national averages* employed .in our analysis for the air collector/rock
storage <ystem were as follows: fixed cost component = $2250, variable
cost component = $13.50/ft® of installed collector (glazing area). We have
found it much more difficult to construct regional cost adjustment indices
hera to properly account for the transportation and distribution network
that may be associated with a national product (collectors, insulated duct
work, and air handling equipment) then was the case for the passive design
where construction practices and costs are established on a regional
basis. We therefore us2 the national averages for all locales in our
economic performance analysis of the active system.

Represontative solar costs, both the total ($) and averageT (S§/10°% Btu heat
provided), for each design are displayed for the six selected sites in

*It should be remembered thut we are pricing a single-glazed flat plate
collector with no selective absorptive material. As pointed out in a
previous study our derived total installed costs per given solar fraction
of heat provided is very similar to estimates made for other types of
active systems (different collector design and glazing type/number). See
Appendix A in [4].

+Average costs are stated in annualized terms. The computation formula is
given as a footnote to Table V and in a following section on optimal
sizing. A more complate explanation can be found in [13].



Table V. As evident, the ¢total 1installed solar costs for th2 passive
design (with and without night insulation option) increase at an increasing
rate (all costs are variable). Also noted is the inability for the Tccmbe
storage wall (without night 1insulation) to supply more than a given
fraction (.60) of total annual heat load requirements. The impact of night
insulation can be clearly seen. Even though on a $/ft? basis night
insulation is measurably more expensive (Table IV) thar without, the solar
performance of such a design in terms of glazineg area required to meet a
given solar fraction more than compensates for the add-on cost, thus
reducing total delivered costs ($/10° Btu; for an equivalent solar
fraction. The impact of night Lnsulation 1is greater as the c¢limatic
conditions become more evere (contrast between Albuquerque, New Mexico and
Madison, Wisconsin). rinally, it should be pointed out that the total and
average cost of the active system ir -elation to the passive designs (with
and without night 1insulation) varies according to solar fraction and
climatic conditions. For solar fractions of .60 or less, total installed
costs of the Trombe wall concept fitted with night insulation is less than
the air co.lactor/rock storage system.

Conventional Energy Costs

Although we ave examining many alternative energy futures, we utilize the
proposed NEA as modified by the cecent natural gas compromise in Congress
to construct-projected fuel costs.* A 1977 state-by-state energy data base
for natural gas ($/MCF), heating oii (¢/gal), and electricity (¢/Kwh)
prices has been constructed previously [2]. We then develop future puice
projections at the wellhead for naturai gas and oil, at the meter for
electricity, and add in a transporfation, distribution, and marketing cost
ad justment component (natural gas and heating 2il only) to arrive at
delivered or meterad cost.

For natural gas price projections we use wellhead implications as reflected

by the most recent natural gas compromise of the proposed NEA. This
results in a fourth tier being established, with commenserate’rs higher
weighted average wellhead prices through 1985 and beyond. To arrive at

metered cost, cost adjustment factors by locale reflecting transportation,
storage, distribution, and marketing expenses are added to the national
wellhead price in each year.

Heating oil price prcjectinus are based upon the original National Energy
Plan (NEP) of April 19777 where a third world price tier (adjusted for in-
flation) for "mew domestic production'" is established. When the production

*For a more complete explanation of our projection procedures, see [2].

tAlthough there has been some c¢hanges as reflected through legislative
debate for this portion of the initial NEP, no significant differences from
the original are discernable in the proposed NEA. (The NEA evolved from
the NEP, and many use the shortened names interchangeability to refer to
the present legislative proposal package.)

F. R. -6-



frem this nev tiler is cembinec wigh cdcnestic productina under the present
tvwo tier svstem and Imported oil at $§12.50 (1976 level), the '"weightec"
price of otl at the wellhead increzcses anc is expected to asvmptctically
approach the world import price. Because of the entitlement bprogrom, the
ncjustment cost at each locale to reflect transportaticn, storage,
distributicn, and marketinmg is very similiar in most states. This results
in a proiectad delivered cost st every locale being zimost equivalent.

Electricity price projectiorns stemming from the April 1977 NEP are more
difficult to construct. Analvsis performecd by the Executive staff and
White Yo~use consultanrs incdicated a mixed estimate of Lfuture rprojections:

increases, dacrea’ a0 change 1In real terms depending wupon wnich
rezion of the cou was acddressing. We have chosen te use a simple
escalation factor 2sent possikle increases in the real price of
elactricity: 1 per . year. With &% inflattion, this implies a 7%

znnual rete of incresse.

To consrtruct ecuivalent delivrred heating costs we transfcrm the above ruel

prices into a §/10%° Ptu measure for each vyear. Thesa figures are
subsequently  adjusted for furnace or heating equipment coaversion
etficiency. 7The etficiencies used in ou:s present analvsis reflect commonly
usecd estima.es: .75 for natural gas, .60 for lheating oil, and 1.0 for

elactric resistance.® A heat pump offers arn alternative to resistance
neating. We account for delivered heating cost of that system by adjusting
for the coeffizienrt of performawce (CCP) at cach locale. The seasonal COP
varies vatween 1.7° and 2.75, dep#nding upon climatic corditions.

Table VI displeys the cost of delivered fuel for six representative sites
used in the economic performance analysis. Both <current and arnnualized
prices are contrasted feor 1378 and 19S0. Mote that noninal dollars are
usad. The computational procedures used in constructing both current and
znnualized price projections are glven in footnotes to the tahle.

Optimal Siziug anc Feasibility Without Incentives

We emplov ar. equivalert set of criteria in our eccnemic araivsis of zill
solar energy system/designs. Reduced to its simplest form we evaluate a
series of nome heating svstems that include a solar component, providing
anvwnere f{rom zero to 100 percent of the required heit, to determine tne
ncoromically optimal miz of solar and cooventional back-up svstems. The
ret preszent value (NPV) of a solar addition in concert with the fuel cost
from a conventional furnace over the heating svstem life is maximized.

*In appirical studies, J. McGraw of Applied Science and Engineering nas
found the average gas furnace efficiency 1in sample homes thrcughout the
western states is only abour 3G-357. Apparently, new furnace installations
of the conventional type are notr much better, which 1iwmplies the effective
cost of ratural gas is more than twice what we wuse for the research
reported here. This would significantly boost the economic desirabiliity of
solar svstems as compared to this widely-used home heating fuel.,



T'is 1s exactly equivalent to minimnizing the cost of delivered heat to the
home over a specified life time. 7The followingz <discussion Ccevelops more
fcrmally the life cvcle cost criteria that serves as the basis for our
economic performance analysis.

We define the relevant variables as follows:

r = the real rate of interest

AJR = tne annual rate of inflation

i = the nominal discount rate = r + AIR

Ve = variable ccsts associated with each square foot of collector

(collector plus storage)
FC = fixed costs (cnllector independent)

Py = cost of back-up heat per 10% Btu (adjusted for furnace
efficiency)

A = collector area in square feet®

F = fraction of space heating requirements to be provided by
solar energy

I.OAD = 10° Btu required per year
t =  year
T = system life (30 years assumed for this paper)
CR = capital recovery factor
= 1 = i

T 1\t 1 1\t

E : 1+i 1+1

t=0
OP = operation and maintenance expenditures expressed as 3

percent of tctal equipment investment

From the LASL solar performance programs (6,7], we know the relationshin
between collector area and tue fraction of solar heat provided, A(F). One
would like to size a solar system 50 that the present discounted value of
total life cycle costs (including initial costs, back-up fuel costs, and

*The storage to glazing area ratio is fixed here for btcth the active and
passive thermal storage system concepts.

F. R. -8-



oprration znd maintenance charges) are mirimized.* nerefore, one  saould

ririmize
T
VC * A(F)+FC + ( L) P« LOAD * (1-1)
CoomETE 1+l t ‘

t=0
T t
. 1 0P «+ |VC A(F)+FC (1)
2, (=
t=0

with respect to the fraction (F) of solar nest provided.+ This cost
minimizatior. implies that

T t
\ 1
Ve e (dA/GF) - E (TT{) , P, * LOAD + VC « [1A/dF)
t=0
T
t
x OP Z (111) =0, (2)
t=0

which is the derivative of Eq. (1) with respect to F set eaual ¢to zero.
Factoring and rearranging terms, Ea. (2) can be restated as

T

. t
vC ¢ (dA/3F) = | 1+0P E {—-"—.)
\1"‘1
t=9
T 1 c
= Z (1+i) Pt * LOAD . (3)

t=0

“Ar equivalent expression is the maximization of new present value.

< . . . . . i
"We 1grore the irstallation cost of the back=-up heating system because such
a svstem is required with or without solar heating and so cancels ou:t in
making cost comparisons.



bividing soth sides 0f Eg. (3) bv the term
T t

> ()

t=0

and roting that

T
1 t
1/2 (1) = CR,
t=0 \-"!

Eq. (3), with additional manipulation, reduces to

T t
VCedA 1
L] —3 . 0 p .
[oAD-dF ~ [CR + OP] = CR :E: (1+1) t (4)
t=0
If the fixed charge rate (FCR) 1is dJefined as FCR = CR + OP and the

annuaiized price (P) of the conventional energy source is cdefined as

_ L i\
P = CR EE: (TTT) P,
t=0
the condition for optimal sizing bhecomes

VCedA =
[LOAo-dF] FCR =P . (>)

Equation (5) implies that the solar svstem will be optimally sized ++ 1 the

marginal cost of obtaining the incremental unit increase in tk ‘rive L
solar fraction (by increasing the collector area) 1is just eauzl “he
annualized equivalent of the conventional energy price. The A's are own

for values of F between .05 and 1.0 in .0% increments from the [ASL solar
performance simulations. We can calculate the change in A (AA) fcr the
corresponding change in F where OF = .05. Thus, the optimum value of F anrd
consecuerily the optimal collecter area is determined where:

veeaa |, _ 5
[Eb5576§] FCR = F , (6)

F. R. -10-
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@agivcility, hewnver, is pot irsurad by this precess. Father, ygiven
ravalizec p-ice of energy, collector area will e optimelly sizew T
checr fcr fecsibility ore must cempute tre optimum percentage cof  spoc
“eating reaquirements to “e met bv solar erergy (fraction of sclar *h

provicdac, F*) snd the associated collector area (Ax) &znn vusing
percentage, cslculate the average arnualizecd cost of celivered hozt (Ph)'

fy

re oy

(o]
-
ar

The average snnualizec cost of delivered heat is cetermined Ly simplv
summing the total znnualizecd cost of the optimally sizec solzr svstem with
tuwe arrualized cost of auxiliary ererzy and dividing this sum by the terc
Ltu neating load cf the howe.

[

= _ [VC*A*+FC] « FCR+P * LOAD * (1-F¥)

Ph LOAD ()
or
= _ (VC*A*+FC) * FCR . Cx 5 .
Ph = LOAD T * F* + P(1-F*) , (8)
N cen e interpretec &as the weightec sum of the averaze enoualized cost

c e
of the solar system alone (P., the nracketec term in equatior &) anc the
1zea cost of the cerverntional Ssce-up fuel (P). Tous,

P = Fs « F* + Pe(1-F*) , (9)

where F* and (1-F*) serve as tne weights on the sclar ard convertionzl
costs, respectively. 1If tuis znnualized cost of delivered erergy

than or ecual to the annualized cost of back-up heat (P, = }, ther he
percertage of space heating r2quirements te te met tv solar ener.v
cetermir=d zbove is correct, snd therefore eclar enerpv for resiuentia.
space heating is feasible. If, however, the arrualized ccst of beoex-up
heat is less thar the annualizec cost of celivered 2rerev with solzar, tien
the soler energy system is not feasible znd we set the solar “racticn equal
to zero. lote that if we zre interested in current cosk comparisors, rfho
current price cf aiternative energyv can be substituterd for P.

is less

1 Laerea
r
-

-y
m

As F increases from .CS to 1.0 for each site, A increases c* a
rate, making A\ a monctenicxlly increasing funetion. Tihis means tioat ;
variable cost (VC*A) is also increasing monotonicallv, wnereas FC v
cefinition is constant. We obtain traditicmal cest curves zs cdepictec  ir
Fig. A,+ where NCS anc ACS represent the snnualized cost in 0% Beu of =

ine
e
:

tTnis figure refers to the air collector/rock storage svstem. Succeguant

discussion ard Fig. 5 describe the situatinm for passive desigrs.

-11- F. R.



specific solar svstem. It 1is 1important to note, however, that the
annualized cost of delivered enmergy (P,) s what determines feasibility,
not Pg which 1is the average annualized cost of so . anergy without
regard to back-up fuel costs. Remember that Py is given by tne weighted
average sum formula (9), or again

By = T, ¢ %+ B (1-F%)

where F* 1s the optimally determined solar fractionm. Thus, as v, the
annua'ized price of back-up energy, increases from $5.00/10° Btu to
$9.00/lOf_Btu, the shape of the Py curve changes as shown 1in Fig. &,
whereas Py remains fixed regardless of the value of P, When P just
equals the minimum value on Pg, the minimum of Py exactly coincides.
In the figure this occurs when % = §7.50/10° Btu. For any value of P below
$7.50, the average annualized cost of delivered heat with solar will be
greater than the annualized price of back-up energy (Fh > P), so it would

be uneconomical tc invest in a solar energy system. However, as P rises
above $7.50, not only is feasibility obtained (B, < P) but the optimal
system size incresses. Thus, the sgsystem should be sized to provide

approximately 43% solar when P = $7.50 and 52% when P = $9.00. In passive
systems, we have found no fixed cost components, so total initial costs are
equivalent to total variable costs [IC = vCx  A(R)]. The optimality
condition is still given by equations (53) ard (6), but the delivered cost
of heat is now defined as

5 _  (VCrA*) « FCR
h LOAD-F*

Q

« F* + P(l-F*) (10)

or as

P, = Py F* + P o (1-F*%) . (9

Again, Pg is the average cost curve for solar but it 1is no longer
U-shaped. Representative average cost, marginal cost, and delivered cost

of heat curves for the passive solar designs are shown 1. Fig. 5. The
minimum of any delivered heat cost curve corresponds to the intersection of
the marginal cost curve and the appropriate value of P._ In eaddition, the

delivered cost will equal the average cost curve where P and AC intersect,
The forme condition obtains with or without fixed costs, whereas the
letter condition only occurs when FC = 0 or, in the event cf FC > 0O, only
when P > min [AC].

F. R. -12-



Optimal Sizing with Incentives¥

The above process would ensure an optimally sized system 1if no 1inceciives
existed. However, once the incentives (proposed NEA 1income tax credits
assumed in following discussion) are taken into account, the economics of
the solar system rhanges because they effectively 1involve & reduction in
both the average and marginal costs of the system. This implies that for
an unchanged value of P, it would ke worthwhile tc increase the <collector
area and solar fraction beyond the cptimal size determined without
incentives. A simple example should illustrate this poin%t. Suppose that a
refundable income tax credit canm be applied cg 20%2 of the total initial
solar system cost without =21 upper limit. The problem then becomes,
minimize total life cycle costs [after equation (1)]

T X N
VCe -.2 + . -
[VC-A(F) + FC] [1-.20] E (]+r) P+ LOAD(1-F)
t=0
T . *
l+r
t=0
x [VC*A(F)eFC] * [1-.20] (1A
with respect to the solar fraction (F). This yields an optimality

condition given by,

VC-dA =
.8 {m] FCR = P .

* , . ‘ . . . .
The discussion presented here assumes an 1income taL credi: 1incentive
option. We will exclude discussion on a low interest loan form of
incentive, but only note that the same general conclus.ons apply: 1i.e. the

MC curve will shift downwards by a constant percentage amount for all solar
fractions.

Trhis simplifies the actual structure of the incentives which 1in the
latest version of the proposed NEA, for example, are 30% cn the first $1500
and (0% on the next $8500 fsr a maximum credit of $2150 on 3 $10,000
system; any system cost above $10,000 does not benefit from additional
incentives. The example above is structur2d for illustrative purposes.
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Uron inspection of equatioas (la) and (1), one can see that the marginal
cost of the solar system with the incentive is 80%Z of the marginal cost
without such an incentive. The only way to satisfy the condition given by
(la) is to increase dA/dF above its optimal value as given by (5); and such
an lncrease can only be obtained by sizing the system to meet a higher
solar fraction.* This is shown in Fig. 6T where the marginal cost curves
are depicted with and without the incentive.

Figure 6 shows that the marginal cost with incentives (MCy) 1is less than
the marginal cost without incentives (MC,/,) for any given solar fiaction
F. Since the annualized price of back-up energy (P) is not affeccted by the
incentives, P is depicted as a hor’.zontal line. Sizing the system at the
old fraction Fy,/, under the incentive plan would imply thac MC, (as
given by point X) is less than P which is less than optimal. One would
therefore size the system to provide a solar fraction F, at which point
MC, = P, and life cycle costs are at a minimum. The average cost of
providing this newly optimized solar fract on is also lower than would be
the case without incentives. This 1implie: that economic feasibility 1is
obtained at a lower value of P, which with rising energy prices corresponda
to an earlier point in time.

RESULTS

In this section, we present only selected results from our economic perfor-
mance analysis. Excluded for all solar designs are comparisons with heat-
ing oil and electric heat pumps.

As stated in the Introduction, we are interested in the individual <conomic
performance of each solar design in addition to 1its comparative economic
performance among systems. As part of this analysis the effects of two

*4A/dF can be defined as the inverse of the marginal product of collector
area (MP ), i.e., dA/dF = 1/MP, where MP, indicates the increase in
solar fraction (dF) due to an incremental increase in collector area (dA).
Since d(MP,)/df < 0, the marginal product of collector area becomes smal-
ler as the solar fraction is increased. This implies dA/dF will only in-
crease if F increage.

TThis figure is applicable to both active and passive system designs.
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alt2rnative incentive oprions are evaluated: the NEA income tax craodits,*
here assumed applied equallv to passive as well as active systems, and low
interest loans.' The impact of night insulation in the econcmic
performance of the Trombe wall concept is carefully noted. The Trombe wall
concept is contrasted with the one active svstem design under review here,
che air collector/rock storage design.

In addition to including maps portraving several aspects of the economic
feasibility results (Maps 1-12), we include a table (Table VII)
hichiighting selected financial indicators for the comparative evaluation
of solar systems: these include mortgage payback period, years to positive
savings, and net present value.

Basic¢ solar energy cost and conventional energy pricing assump’.ions
employed in the economic performance analysis have been dis.ussed
previcusly. Computational formulaes and selected values for various
locales can be found in Tables V and VI and in the discussion on optimal
sizing.

The nine cases reported below can be summarized as follows:

Case 1 - Air Collector/Rock Storage; No Incentives
Case 2 - Air Collector/Rock Storage; NEA Inccome Tax Credits
Case 3 - Air Collector/Rock Storage; Low Interest Loans
Case 4 - Air Collector/Rock Storage; NEA Income Tax and Credits
Low Interest Loans ——-
Case 5 - Trombe Wall without Night Insulation; No Incentives
Case 6 - Trombe Wall with Night Insulation; No Incentives
Case 7 - Trombe Wall with Night Insulation; NEA Income Tax Credits
Case 8 - Trombe Wall wich Night Insulation; Low Interest Lcans
Case 9 - Trombe Wall with Night Insulation; NCA Income Tax Credits and

Low Interest Loans

In all nine cases comparisons to both natural gas and electric resistance
alternative fuel tvpes are made.

*The latest version from the proposed NEA of the solar income tax credits
is the specific form under review: 30 percent of the first $1500, 20
percent on the next $8500, with a maximum of $2150 for systems S$10,000 and
over. The tax credits are assumed to begin in 1978 and continue at the
same levels through 1984, at which puint they are terminated tor 1985 and
following years.

TThe -necific value employed in our low interest 1loan incentive 1is 3
peice...age points: that is the government would subsidize the difference
between the going mortgage rate and the rate paid by consumers wunder this
program at a rate 3 percentage points below the mortgage rate. In the
specific analvsis reported here a mortgage rate of 9.5 percent is employed
with consumer loans available for the solar components at 6.5 percent.
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For the air collector/rock storage active system (Case 2)* in only one
state--Maine~—~does it prove economic to install solar when natural gas 1is
the altarnative fuel. The price of ratural gas remains below the cost of
solar through 1990, despite its (natural gas) rather rapid rate of increase
under the recent compromise. Without the proposed NEA tax credits (Case 1)
there would be no states included in the feasible set.

For the low interest loan optior alone (Case 3) against the natural gas
fuel alternative, in only three states doos it prove economic to install
solar: Maine, New Hampshire, and Vermont. When this option 1s combined
with the proposed NEA income tax credits (Case 4), a number of additional
states join the feasible set., These states are located in New England and
the northern Rocky Mountain, Great Plains, and Midwest regions of the US
(Map 1).

If the Trombe wall withou: night insulation design (Case 5) 1is contrasted
with natural gas, only in two state, does it appear economic to install
such a design in a new home: Maine in 1978 and ldaho in 1983. Map 2 por-
trays this relatively sparse feasibility pattern. Note there are no incen-
tives included in the economic performance evaluation of this case.

By the addition of night insalation to the Trombe wall concept (Case 6),
some additional states join the feasibility set when natura. gas 1is the
alternative fuel. This pattern is displayed in Map 3. Except for North
Carolina, the additional states are located in New Englard. Here again,
the incentives are not yat part of the economic :performance analysis.

Inclusion of the proposed NEA income tax creditst in the solar cost compo-
nent gives rise to a much greater number of states portraying economic fea-
sibility against natural gas. As seen in Map 4, the general location of
thoge states achieving solar competiveness s the New England, Midwest,
Plains, and Western regions of the US. A few of the feasible states are
also located in the Southeast region. By contrasting Map 4 with Map 3, 1ir
can be seen that the year of feasibilitv is moved forward for those states
appearing in both. Generally speaking the first year of feasibility 1is
1978, except for those states in the Plains and Southwest regions where
feasibility is delayed to the period between 1981 and 1984, 1In the states
where solar was not shown to be competitive, rhe cost of this passive

*For past discussions on the economic performance of active systems see
[, 2, 5, and 9-11].

tWe assume here that the add-on solar costs associated with passive
Jesigna are treated the same as those proposed for active systems. That
is, full credit is given our computations of the additional <cost incurred
for the passive designs. An alternative is to allow only a partial credit
in the sense that not all of the add-on solar cost can be wused in tax
credit computations. The impact of such a tax credit system has been
evaluated, but the results are not included in this paper.
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design (Trombe Wall with night insulation) even with the proposed NEA tax
credits remains higher than projected natural gas prices.

If low interest loans are substituted for the NEA tax c¢redits, a larger
number of states enter the feasibility set (Map 5) against the natural gzas
alternative. In addition, in a number of states feasibility is achieved at
an earlier date than when the NEA income tax credit form of incentive was
used. The additional states (over and above those displayed in Map &) are
generally located in the Ohio River valley and Northeast reagions. This
indicates that the particular form of low interest loans evaluated here
performs better than the proposed NEA income tax credit option.

When both incentive options are combined, as has been indicnted in recent
Congressional debate, only in Florida and Louisiana is the Trombe Wall with

night insulation design not e2conomically competitive. Moreover, the year
of feasibility is 1978 for all states (Map 6), except Florida and
Louisiana. Thus, use of both incertives appears to be potentially

beneficial to most of the US.

The above reviewed results clearly shows that the proposed NEA income tax
credits have a greater impact for passive designs than for active systems.
That is, for the air collector/rock storage system inclusion of tax credits
gave rise to oaly one state portraying solar competitiveness against
natural gas. Comparison of Maps 3 and 4 show that a significant aumber of
additional states achieve solar economic parity against the natural gas
alternative when given a tax credit. Similar patterns emerge when low
interest loans are substituted for the tax credits, or are used in
combination with them: solar feasibility is promoted noticeably 1less for
the active design than for passive when natural gas is the alternative fuel
(Maps 4, 5, and 6). However, potential energy savings is dicinished
somewhat due to the relative low (below 40 percent even with inclusion of
both incentive options) solar fractions when compared to what solar
fractions (35 to 60 percent) are present when active systems are examined.*

A somewhat different picture emerges when electric resistance 1is used as
the alternative fuel type against which the solar designs must competea,.
For the air collector/rock storage active system, solar competitiveness 1is
achieved in most US states (Map 7) when the proposed NEA income tax credits
(Case 2) are applied against the solar costs. The Northwest and the lower
Mississippi and Ohio River valleys are excluded. (It is generally the case
that in those states either electricity prices are relatively low and/or

*When ictive systems have been forced into an economically competitive
position against natural gas, the optimal solar fraction has usually ranged
from 35-60 percent. This, of course, is due to the role of the fixed cost
compc lent in active systems. Thus, energy savings would be greater for the
US if active systems werc deployed over pure passive designs. However, the
economics, &3 is being shown here, lear heavily to passive designs in most
regions of the US.

-17- F. R,



low total heat loads are present.) Moreover, the year of feasibility 1is
1978 except for South Carolina (19&2) and Texas, Utah, and Vermont (1983).
As evidenced in Map 7, the solar 7 actioa is at least 45 percent (except
Idaho at 40 percent) for all states displaying solar feasibility. The
higher fractions are generally in the Southwest whera2 isolation is high, or
along the Eastern Seaboard states where electricity prices are relatively
high. Although not shown here, when NEA income tax credits are not
included (Case 1) in the ecoromic performance analysis, feasibility will
occur at a later date with smaller fractions. In addition a few states,
located principally in the South and Southwest where heat loads are lower,
drop from the feasible set.

The Trombe wall without night insulation design (Case 5) is able to compete
against the electric resistance alternative in all states except Washington
without the inclusion of incentives. As portrayed in Map B8 the solar
fractions range from 15 to 40 percent in all states except Arizona,
California, and South Carolina--the solar fractions in these states being 5
to 10 percentage points higher. States in the Midwest and Plains vregion
generally have lower solar fractions then the remeinder of the country. In
all states, excepting Washington, the ' year of demonstrated solar
competitiveness is '978. The results reported here do show that it is cost
effective now (given our solar costs and alternative fuel prices projec-
tions) to employ some passive designs in new home construction throughout
the country.

When night insulation is added to the Trombe wall design (Case 6), there 1is
an incremental increase in optimal solar fraction for all but two states--
these being Louisiana and Ovegon (with the state of Washington still
excluded from economic feasibility). Man 9 contains a summary of the
incremental change for all states. As can be seen, in the majority of
states the incremental change is 15 percentage points or greater. It is
primarily in the Ohio River valley states (plus Arizona and California)
that the incremental change is less at 5 to 10 percentage points. The
highest change occurs in the Rocky Mountain, Northern Great Plains, and New
England regicns. Thus as discussed earlier, the more scvere the climate,
the more important becomes the use of night insulation 1in the achievement
of maximum oconomic performance. The results are essentially indicating
that for a similar dollar outlay, the consumer can purchase a more effi-
cient solar system by adding night insulation to a Trombe wall concept.

[Because we have constrained the maximum allowable glazing area to account
for permissable tract home characteristics (8' x 56' south-facing wall
maximum), the inclusion of incentives in the economic performance analysis
will not increase cptimal solar fraction in those states where the con-
straint is binding. Therefore, in the remaining discussion of results for
individual cases (Cases 7, 8, and 9) it will be seen that no visible change
occurs in some northern states. However, in all cases the dollar cost paid
by consumers in obtaining this maximum solar fraction will be appreciably
lowered. ]
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With the inclusion of proposed NEA 1income tax credits in the economic
performance analysis, further addicions are made to the optimal solar
fraction in a number of states (seae above for discussion of why all states
do not show increases). These incremental increases are portrayed in Map
10. As evident, tax Lncentives are important for they increase
substantially the potential energy savings in new home construction (higher
solar fractions) and lower the total system costs paid by the consumer.

If low interest loans were to be used 1instead of 1income tax credits, a
greater number of states would achieve higher solar fractions (Map 11). In
addition to more states, it is almost always true that the fractions are
greater than under tax credits--as is evidenced by contrasting Map 11 with
Map 10. As was pointed out when natural gas was the alternative fuel tvpe,
the specific low interest incentive employed in our analysis (3 percentage
points less than the assumed 9.5 percent mortgage rate) performs better
than the proposed NEA income tax credits.

As shown in Map 12, a combination of both incentives when comparad to the
electric resistance alternative pertorms better than either alone. The
combination of iLncentives has the effect of pushing mnre states to Ccheir
physical maximum. This will of course result in even greatar energy
savings than under either incentive option individually.

Against the electric resistance alternative, the difference between active
and passive designs is less noticeable than in the comparisons with natural
gas. It is still the case that incentives do have a significant impact on
both system types, but here the difference betwean Case 2 and Case 7 is not
nearly as dramatic as was true when contrasting the natural gas alternative
(Map 4). 1Tt is true, however, that the passive design (Trombe wall with
night insulation) is economically competitijve in all states, whereas for
the air collector/rock storage system seven states were excluded from the
feasible set. As stated under the natural gas alternative comparisin, the
active system does provide a higher solar fraction than the Trombe wall
concept,

Table VII contains some salected financial indicators for six of the nine
cases at six representative locations. As stated earlierv, we  are
highlightirg results from the passive design,

SUMMARY

The following points serve to sumnarize the bagic findings from our
analysis. As cautioned in previous work ([2], economic feasibility 1is a
necessary, but not sufficient, condition for large-scale market
penetration. It establishes basic criteria, when combined with other
information, which allow estimates of penetration to be made. The major

conclusions arc.



® With natural gas as the alternative fuel, the passive concept
evaluited here offers more promise than the active system. This is
true with or without 1inclusion of incentives, although either
incentive option enhances economic performance for boih designs.

¢ The addition of night insulation to thermal mass storage walls makes
a significant difference: ant only 1in the solar performance, but
more importantly 1in the economic performance of this passive
concept. In addition, the effectiveness of night insulation becomes
greater as the severity of the climate increases.

¢ The potential use of passive solar (therwma. mass storage wall) in
r2si:dential space heating applications 1is measurably e..anced by
incentives against all fuel types. This enhancement is especially

evident in the natural gas and heating oil comparisons.

® The passive design evaluated in this paper is economically
competitive against the electric resistance alternative in all but a
few states. Moreover, on a life cycle cost basis this design s
feasible today.

® Employment of the low interest loan incentive option gives rise to
higher solar fractions than under the proposed NEA income tax credit
option. The particular low interest 1loan incentive evaluated here
reduces solar costs for the homeowner more than the tax credit does.

® Although the optim:' :olar fractions are generally low, the passive
design offers one the opportunity to incorporate solar into a new
homa at costs much less than its active counterpart. This is because
tuere are no discernable fixed costs, tiiereby allowing a simple
movzwant from zero to 100 percent solar when evaluating economic
feasihility.

When both active and passive designs are shown to be cost competitive
against alternative fuels, higher solar fractions will be associated
with the active systems. This is due principally to the substantial
fixed cost component of active systems, which forces one to achieve g
given solar fraction before economic feasibility can be shown.
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TABLE I

CONVENTIONAL TRACT HOME DESCRIP-ION

1) Typical Living Space Design -- 2 Zone
® Pyblic area -- living room, dining room, kitchen, den-study
® Private area -~ bedrooms, bathrooms
2) Living 3pace* -- 1496 ft2
3) South Linear Exposure -- 50 ft
4) Two Car Garage
5) Minimum Lot Size (Frontage) -- 60 to 70 ft
6) Construction
® Walls -- 2 x 4 wood frame
® Floor -- slab on grade
® Roof =-- flat or pitched

3
® U FactorT -- 562.5 Btu/Hr-°F or 9 Btu/DD/ft&

*This is for a standard dimension (approximately 30' x 50') which could be

altered to 27' x 56' to ac~ommodate additional southern exposure. With an
8' maximum glazing height on a single story residence, maximum southern
exposure is limited to 448 ft° (56' x 8'). The addition of direct gain

clerestory windows could increase the transmitted solar energy, but this
option is not considered in this particular configuration.

b . . .
‘This 1s exclusive of south wall.



2)

3)

4)

5)

6)

7)

TABLE II

SOLAR DESIGN ADDITIONS: MASONRY THERMAL STORAGE WALL

Load Bearing Foundation

® Poured for entire south wall length

® Supports concrete or water storage wall

Thermal Storage Mass

® |8" ccacrete masonry construction

® On-site poured concrete or tilt-up slab are other options
Thermocirculation Vents with Barometric Damper - Manual Override

® 074 ft /ft of wall length for each vent

® Solid wall -- no vents
® Trombe wall -- no reverse thermocirculation
Glazing

® Double-glazed tempered patio glass
® No special characteristics
Night Insulation
e Solar/load calculations with and without night insulation
® Without - R = 1.75 (double glazing)
® With - R =29.0 (4 layer Kalwall design)
e Installed between wall exterior and glazings
® Night insulation down between 5 pm and 7 am
Framir. -
® Aluminum framing for glazing units
Header Trim or Overhand

® [nstalled to prevent Spring, Summer, and Fall overheating

R. -24-



TABLE I1I

REQUIRED GLAZING AREAS (FT2) FOR REPRESENTATIVE SOLAR FRACTIONS
(SIX SELECTED SITES)

Solar System Design Solar Fraction

.15% .30 .45 .60 .75

Trombe Wall - No Night Insulation

Albuquerque NM 74 163 293 482 844
Madison WI 178 466 1038 - -
Boston MA 144 346 711 1500 -
Seattle WA 100 250 519 1125 -
Charleston SC 49 109 193 314 519
Omaha NB 144 346 675 1350 -

Trombe Wall - Night Insulaticn

Albuquerque NM 71 110 180 276 422
Madison WI 105 241 422 75 1125
Boston MA 89 201 338 540 900
Seattle WA 64 152 276 466 794
Charleston SC 35 77 126 190 293
Ohama NB 90 199 338 519 844

Air Collector/Rock Storage

Albuquerque NM 71 117 202 315 483
Madison WI 147 251 450 725 1129
Bostnn MA 132 221 389 615 948
Seattle WA 101 177 339 583 a34
Charleston SC 54 90 157 243 361
Omaha NB 128 213 374 .9) 312

*For Alr Collector/Rock Storage Active svstem the first representative
fraction is .20 instead of .15
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DETAILED COST BREAKDOWN:

ComEonent

Masonry Concrete 18"
Paint - 2 sides

Glazing - Glass
Double 2 3/16"

Footing
16" Foundation

Header Trim or Overhang

Framing
4' x 8' = 24 ftL

Conventional Wall Credit
Total System
Night Insulation

Kalwall Insul Curtain
4 layer R = 10.1

TABLE IV

THERMAL 53TORAGE WALLS*

Cost ($)
Matzrial Labor
.72 3.81
11 .33
.72 .82
.82 34
.68 .68
41 2.45
.53 .82

*Dollar costs are for national averages

-26-
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6.53

1.35

2.86

13.60



TABLE ¥

TOTAL (§) AMD AVERAGE* (§/10° Bru) CUST FOR MEPRESENTATIVE SOLAR FRACTIONS
(511 SELECTEM SITES)

SOLAE FRACTION

- I . _15°° 730 i} 780 75
Solar System Jesiga TC AC 1c AC TC AC T AC I AC
Troabe Hall-o Maght Insslatiom
Albuguerque, WM 9717 il.04 2195 13.06 3889 15.71 (21} 19.35 11180 27.09
Medisom, WI 231} 15.6) 6114 20.456 13640 30.46 -- -— -— ——-
Bostom, MA 2102 19.65 5066 23.68 10198 32.41 21951 51.31 -— -—-
Sestile, WA 1507 17.54 3767 22.41 7823 31.05 16950 50.46 - ---
Charleston, SC bYs ] 13.70 1173 15.19 2077 17.94 3181 21.91 5592 28.98
Omabs, BB 1932 15.39 656 18.55 9080 24.12 18160 3%.17 — -
Trombe Mall-Bight lasulation
lbuquecqua, 1N e 11.39 192¢ 12.17 31140 13.31 4819 15.28 1319 18.72
Hadie.r. W1 1814 12.73 4180 14.66 1314 17.20 11703 20.52 19503 27.36
Boston, HA 1727 16.91 3892 19.05 6519 1.7 10631 25.51 17383 3o 04
Seattle, WA 1219 15 9% Jjo17 18.80 541% 22.717 9258 20.85% 15793 19.18
Charlaston, S5C 800 13.% 1090 16.79 1794 16.22 2701 18.3) 4172 11.64
OGmahg, 1B 1598 13.33 3525 14.70 5993 16.0e 9220 19.23 14982 4.9
Air Collector/Rock Siorage
Albuguerque, Wl 3756 26.59 4059 26.21 5216 20.97 6893 20.5%% 6297 22.18
Medisca, Wl 4639 22.20 5977 15.17 8824 19.40 12760 21.04 10541 14 .46
Bostoa. BA 4274 2%.30 3548 25.53 7952 24 .40 11186 25.74 15951 29.36
Bestcle, WA 1830 33.67 4910 28.82 2% 18.27 10720 31.44 16466 38.60
Charlaston, §C 3158 €0.4) 367) &6 .84 4632 39.38 5862 37.04 7580 18.67
Omahs, W8 4217 24.80 3433 21.3) 113 20.23 10828 21.2) 15636 24.21
TC = Toisl AZ = Avorage Cost
“The average cost is defined as fillows:
. VC x A(F) '_rc]
AC = (R x [-—Iﬁiif—;_i wbore
FCR = fized charge rate = (R « OP OP = operating amd maintenance cipense T = 30
w = wariable cost (’/flz, z:::;essed as ¢ percent of solsr @ = .02
A(F) = glaziag (collecter) ercas required to . . 1 OF = 005 kur Trumbe Wall
obtain F t TeA design w/o night
F a  solar fractiom r = recal rate of interest insulation
FC = fuxed cost (§) AIR = snaual inflation rate .0l for Trumbe Mall
Values used in tho . . € Lhes design with aight
IGAD = Biu reyuirements for the howe used in derivation of Lhese insulation
average cost figures are as follows:
AC = average vusl of 30lar hast provided - 035 .015 for Air Collector/
for givea F ¥ - Rock Storuge sysiem
a e capital recovery factor = ! AlR = .06
1.1, i L esFor Air Cullector/Mock Storage
b active system the First

representutive fraction is .20
instead of .15,
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TABLE V]

COST OF DELIVERED FUEL® (SIIO6 BTU) &y FUEL TYPE--CURRENT & AMMUAL IZED** PAICES IA 1978 AND 1930 DOLLARS
(Stx Selected Sites)

Ratural Gas eating 011 Electric Resistance Heat Pump
Cusrest Annualized Curreat Annualized Current Annualized Current Annualized
Locatien ’» 9% 7 9 B % 7 9% ”’ 9% nm 9% % 1 9%

Albwguerqoe, W0 | 2.64 10.40] 8.05 20.08] 6.21 13.79]12.23 25.4]12.15 27.55|24.68 56.41[6.74 13.55]12.18 ?24.52
Madisca, N1 3.73 12.58]10.01 24.03]6.05 13.47]11.94 24.75]12.20 27.66)24.98 56.63)8.81 17.72]115.9) 32.06
Bostan, MA 5.06 15.26 [12.43 28.88) 6.44 14.25) 12.64 26.17]15.97 36.20|32.69 74.12}9.67 19.46] 17.50 135.21
Seattle, WA 4.25 13.63]10.96 25.9316.36 14.09]12.50 25.88| 5.24 11.88(10.73 24.32]2.92 5.87| 5.28 10.63
Charlesten, SC 2.9 11.04] B.83 21.24] 6.24 13.85)12.78 25.44]13.72 J.11]28.1¢ 63.71)6.60 13.28]11.94 24.02
Omaba . M8 .59 10.29] 7.96 19.891 6.10 13.57[12.03 24.94|12.08 27.38)2+.73 56.07]7.87 15.84) 14.24 2B.66

*Corrected fcr combustion effeciency as follows:

Gas
(1]

Electric Reslstance

2t Pasp

**The Assmalized cost 1a year t~ i< defimed as A

where:

-.15
= .60
= 1.00

veriable COP by locatiza

t,nu-

t=1

« curreat delivered cost ($/10%81u) 1n year ¢
seminal discomat rate = r + AIR
= system 1ife in years

capital recovery factor » —(“—y
1.13 (1878-1920)

™)

T
1 t
) (TT) o)

A * mmualized delivered cost (3/10° Btu) tn year ¢t
r =~ real discount rate
AIR = aanual iaflation rate

Values used 1n the derivation of these figures are

as follows:
rs _03% T=130
AIR « 06 CR = 102 (This assumes morigags & wominai

= .09 discount rates are identical.)
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Raturel Gss Llectric Mesistence
tptins) Optimel
Solar Portgagm Years 10 Rel Present Solar Morigage Tears Lo et Fresent
Altermutive (ste Rumber® =~ Yesr Fractiom Papback  Positive Seviegs _ Velwe Year froctiom Paybach™, Posilive Soviegs®s Valwes<:
CASE )
Albggurreue, R 1978 .70 s 1 4369
Podisea_ul 1978 .0 1 0 6
Bosten. 7 - 14 0 (31, ]
Seattle. WA 0 FEASIBLLITY . - . . o
Charlestan, SC 4 1.2 .60 2 9 651
Onaha, W8 M 55 15 ] Ml
1978 .40 | [ 3013
19,6 .25 16 2 2658
o FEASIRILITY vrsp % 16 z 03¢
1978 .45 A ] 1649
- (Lt ] 5 15 1 240)
CASE )
Albwgeevens, IR 1978 .55 13 (] k>, 1]
Radisan, Wl 1978 45 6 ] 4813
Soitea. M 1978 .45 15 [ ] 4853
Seattle, W N0 FEASIBNLITY - . - s .
Charlestan, SC 1978 &0 15 1 2000
. 9% .50 113 2 o
CASE 4
Albsguergue, BN 197 .18 20 8 ” 1978 .65 n [ ] 5313
Fadises, ¥l 1978 18 18 [ ] 208 197 45 12 0 6254
Sasten, WA n -va 9 8 206 1978 .50 2 0 (211 ]
Ssatile, WA o 10 20 [ ] m 1978 10 21 L] "
‘aariesten, SC 198) .18 2 [} “ 1978 .60 n [} 252
Ombha. B 1984 -1 2 ? wl 1978 .50 1 [} S626
CASE 5
Albopmerem, Ism 15 23 [J 122 1978 ] " 0 87
Negtses, A 1578 15 2 [ ] L 3] 1978 45 13 [ ] 9850
Bostan, MA 97 .10 22 a 245 e .50 " [} w2
Seattle, WA 1978 .10 2] & 123 |17 ] .10 24 n B4
Charlestan, SO 1979 . 24 ] 2 1978 .1 |1 0 4121
Guaka, B L rd .10 24 10 [ 2] "9 S0 4 0 2°02)
ase 6
Ainguerems. 1978 .5 20 8 126 1978 Nl 12 o 10079
Madlses, Ml 314 .30 20 8 1807 1978 45 n [ 11587
Sosiem, WA i’ .5 21 8 1136 1978 .50 1]} )] 1202%
Seattile, R 17 .20 20 8 592 1978 .20 21 ? 513
(harlestes. SO isre B 0 ] n 1978 .15 12 0 5160
Ouaha. B 1973 .20 22 [ ] 450 1978 .50 il [ 10659
_— A
-- ‘sdicates an femribidiny.
niad A LOM INTEREST
. svsien WSMAIIE  CREDITS Loam **Emressed I years.
CASE 1: Alr Collector/Rack Slorage | 3 Tes n
CASE 2: Trome wml) ™ "o " ***Ixpressed 1n “yedr of feasibility® Zollars
CASE 3: Trembe wall Tes - Ho
CASE 4: Tes s Bo
CASE §5: Yes o Ves
CASE §: . Tes Tes Tes
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SOLAR FEASIBILITY FOR AIR COLLECTOR/RICK STORAGE ACTIVE SYSTEM
ALTERNATIVE FUEL - NATURAL GAS
NEA TAX CREDIT AND LOW INTEREST LOAN INCENTIVES
(30~YEAR LIFE CYCLE COST BASIS)

<<

A,

YEAR FEASIBILITY KEY

== - [ R N
1978 1979-1980 1981-1985  1986-1990

Map 1

SOLAR FEASIBILITY FOR TROMBE WALL W/C NIGHT INSULATION
ALTERNATIVE FUEL - NATURAL GAS
NO INCENTIVES
(30-YEAR LIFE CYCLE COST BASIS)

==

1978

1986-1999

Map 2



SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - NATURAL GAS
NO INCENTIVES
(30-YEAR LIFE CYCLE COST BASIS)

A o
YEAR FEASIBILITY KEY -

= [ ZZE -

1978 1979-1980 1981-1985  1986-1990

Map 3

SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - NATURAL GAS
NEA TAX CREDIT INCENTIVE
(30-YEAR LIFE CYCLE COST BASIS)

YEAR FEASIBILITY KEY

= I
1978 1979-1980 1951-1985 1986-1990

Map 4



SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - NATURAL GAS

LOW IMTEREST LOAN INCENTIVE
(30~YEAR LIFE CYCLE COST BASIS)

|

) - \
NS . ’/Nl\ L‘-
YEAR FEASIBILITY KEY o~
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_ o L ) ?A-:t}- Eé‘a -
1978 1979-1980 1981-1985

1986-1990
Map 5

SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - NATURAL GAS

NEA TAX CREDIT AND LOW INTEREST LOAN INCENTIVES
(30~-YEAR LIFE CYCLE COST BASIS)
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R
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In 1978 for qgil states
emcept FL & LA,

SOLAR FRACTION KEY
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SOLAR FEASIBILITY FOR AIR COLLECTOR/ROCK 'STORAGE ACTIVE SYSTEM
ALTERNATIVE FUEL - ELECTRICITY (RESISTANCE)
NEA TAX CREDIT INCENTIVE
(30-YEAR LIFE CYCLE COST BASIS)

Feasibillty ochieved
hY in 1978 for qil stotes

SOLAR FRACTION KEY K ;:::lv.rd)()‘ except SC
= I st
10-.25 .30-.40 .45-.55
Map 7

SOLAR FEASIBILITY FOR TROMBE WALL W/Q NIGHT INSULATION
ALTEPNATIVE FUEL — ELECTRICITY (RESISTANCE)
. NO INCENTIVES
(39 -YEAR LIFE CYCLE COST BASIS)

Feasibliity aquileved

SOLAR FRACTION KEY i.'"“‘::'! U':r ol slates
10-.25 .30-.40 .45-.55 .60+
Map 8

F. R. -38-



SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - ELECTRICITY (RESISTANCE)
NO INCENTIVES
(30-YEAR LIFE CYCLE COST BASIS)

Change in soiar
fraction from Map §

SOLAR FRACTION KEY

Feasibillty achieved
in 1978 for all states
s~cepl WA,

e = . e
C .05 .10 15
Map S

SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - ELECTRICITY (RESISTANCE)
NEA TAX CREDIT INCENTIVE
(30~YEAR LIFE CYCLE COST BASIS)

[—— —
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Chonge in salor H l
fraction from ap 9
f‘oallblllty achleved
SOLAR FRACTION KEY in 1978 for ol statey.
v = [ [
0 .0 .10 .20+
Map 10



SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - ELECTRICITY (RESISTANCE)
LOW INTEREST LOAN INCENTIVE
(30-YEAR LIFE CYCLE COST BASIS)

in sokar
fraction from Map 9

SOLAR FRACTION KEY

Feaqsibility achieved
In 1978 for ail states.

MAP 11

SOLAR FEASIBILITY FOR TROMBE WALL WITH NIGHT INSULATION
ALTERNATIVE FUEL - ELECTRICITY (RESISTANCE)
NEA TAX CREDIT AND LOW INTEREST LOAN INCENTIVES
(30~YEAR LIFE CYCLE COST BASIS)

Ghgnge In solar
traction fram Map 9

SOLAR FRACTION KEY
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